Eu(III)-doped CeO 2 nanorods were prepared by a co-precipitation method at room temperature, and their photoluminescence profiles were examined with different Eu(III)-doping concentrations and thermal annealing temperatures. Scanning electron microscopy, X-ray diffraction crystallography and UV-Vis absorption spectroscopy were employed to examine the morphology, crystal structure and photon absorption profiles of the nanorods, respectively. Additionally, their 2D and 3D-photoluminescence profile maps were obtained to fully understand the photoluminescence mechanism. We found that the magnetic dipole
Introduction
Extensive studies focusing on synthesis of luminescent materials, development of host materials and examination of luminescence mechanisms have been conducted in attempts to develop ideal luminescent materials. [1] [2] [3] [4] [5] [6] [7] Phosphor materials play an indispensable role in lightening and color displays. It is well known that luminescence color and efficiency are highly dependent on many factors, including crystal structure, morphology, impurity, defects, nature of the host matrix, and doping sites of the activator ion. Many efforts have been devoted to achieve ideal phosphor material which could be obtained by a good oxide support material, optimum activator doping level and crystallinity etc. Understanding photoluminescence occurring by host-guest charge transfer is also very important. Many different methods (e.g., hydrothermal, sol-gel, electrochemical deposition, thermolysis and sonochemical methods) have been employed to modify the morphology of host materials. [8] [9] [10] [11] [12] Host materials play a significantly role in energy absorption and transfer to guest ions, which consequently determines the luminescence efficiency. 6, 7 An electrochemical deposition method was used to synthesize Eu(III)-doped CeO 2 nanobelts by Wang et al. 13 Additionally, Deus et al. employed a microwave hydrothermal method to synthesize CeO 2 nanospheres and examine growth of the nanocrystals with different mineralizer agents. 11 Ansari et al. prepared CeO 2 :Ln 3+ films by dip-coating a precursor solution followed by thermal annealing.
14 CeO 2 has been used as a model host material because it has a cubic crystal structure with convertible oxidation states (Ce
4+

/Ce
3+
) and provides a guest activator with two different doping sites with and without an inversion center. Eu(III) has been extensively used as an activator ion for red emitting phosphor materials. [1] [2] [3] [4] [5] [6] [7] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In such materials, the host absorbs incident light to transfer its energy to the Eu(III) activator. The luminescence from Eu(III) is associated with 6, 7 Sohn previously synthesized Eu(III)-doped CeO 2 nanoparticles using a hydrothermal method (at 120°C) and then examined their photoluminescence profiles for 1 and 10 mol % Eu(III)-doped samples.
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In this study, we investigated the photoluminescence of Eu(III)-doped CeO 2 nanorods by employing a 2D and 3D-photoluminescence profile mapping. [27] [28] [29] [30] This is the first report of Eu(III)-doped CeO 2 nanorods prepared at room temperature using various doping concentrations and thermal annealing temperatures. A thorough understanding of the relationship between photoluminescence and doping-concentrations of activator ions and thermal annealing is essential to identification of methods for development of efficient luminescent materials.
Experimental
To synthesize CeO 2 nanowires, we mixed 10.0 mL 0.1 M Ce(III) nitrate hexahydrate and 20.0 mL Millipore water, added 2.0 mL of ammonia (~30%) solution, and placed the mixed solution in a Teflon bottle at room temperature for 15 hours until precipitates settled completely and a colloidal layer (with ultramarine color) was fully formed. The final products were fully washed with deionized water and ethanol, then dried in a vacuum oven at room temperature for one week. For doping Eu(III) activator ions of 0.1, 1 and 10 mol %, we mixed an appropriate amount of 0.1 M Eu(III) nitrate solutions into the mother solution before adding ammonia, and the rest of the experimental procedure was same. We annealed the prepared samples at temperatures of 400, 600 and 800°C for 4 h under ambient air. The crystal structure was determined by examining the X-ray diffraction (XRD) patterns taken using a PANalytical X'Pert Pro MPD powder diffractometer with Cu Kα radiation. The surface morphology of the sample was examined by transmission electron microscopy (TEM, Hitachi HE-600). Diffuse reflectance absorption spectra were taken using a SCINCO NeoSys-2000 double beam UV-Vis spectrophotometer. A SCINCO FluoroMate FS-2 was used to obtain 2D and 3D-photoluminescence profile map and the corresponding excitation/emission spectra. The PL instrument collects all emission spectra at a selected excitation wavelength region, and then the software converts the data to the 2D and 3D-photoluminescence (PL) contour map.
Results and Discussion Figure 1 shows typical powder X-ray diffraction patterns of as-prepared and 800°C-annealed Eu(III)-doped (10 mol %) CeO 2 nanorod powder samples. The sizes of the nanorods were estimated to be about 5-10 nm wide and 50-100 nm long based on the TEM image ( Figure 1 ). For the asprepared sample, the XRD peaks were broad and in good accordance with the XRD patterns of cubic (Fm-3m) (JCPDS 03-065-5923) CeO 2 . The peak positions at around 2Θ = 28.4, 33.1, 47.4, 56.3, 59.0, and 69.4º were assigned to the (111), (200), (220), (311), (222), and (400) planes, respectively. No other peaks were found, indicating homogeneous doping of Eu(III) into the CeO 2 host material. Upon annealing, the XRD became much narrower with no substantial change in peak position due to an increase in crystallinity, which is consistent with the results of previous studies. Figure 2 shows the UV-visible absorption spectra of undoped CeO 2 and 10 mol % Eu(III)-doped nanorod samples before and after 800°C-thermal annealing. The Y-axis absorbance was converted from the diffuse reflectance data by the Kubelka-Munk method. The inset of Figure 2 re-plots the spectra (αhν) 2 versus photon energy (hν), where α is the absorption coefficient. The spectra of the as-prepared samples were exactly superimposible. The band gap edge of the nanorods was measured to be ~2.7 eV, which was lower than that reported in previous studies.
5, 14 Malleshappa et al. observed direct band gaps of 3.20 to 3.40 eV for Tb(III)-doped CeO 2 (with 5-9 nm size) nanoparticles prepared by a low temperature solution combustion method. 5 Ansari et al. reported a band gap of 3.57 eV for a CeO 2 :Tb 3+ film prepared using a sol-gel and dip-coating technique.
14 The broad absorption below 400 nm was attributed to O 2− (2p) -Ce
4+
(4f ) charge transfer. 5, 6 No noticeable direct absorption peaks corresponding to Eu(III) were found. Upon annealing at 800°C the charge transfer band decreased somewhat, while the absorption edge of the undoped CeO 2 showed no significant change. However, for the 10 mol % Eu(III)-doped sample, the absorption in the visible region clearly increased upon thermal annealing due to Eu doping effect.
Before discussing the extensive PL results, to help readers better understand we summarized experimental results and purposes in Table 1 . Figure 3 shows 2D-PL profile maps of as-prepared and annealed (400, 600 and 800°C) Eu(III)-doped CeO 2 nanorod powder samples prepared using various doping concentrations (0, 0.1, 1 and 10 mol %). The corresponding 3D-PL profile maps were provided in Supporting Information, Figure  S1 . The results revealed that the PL profile was highly doping-concentration and annealing temperature dependent. The densely spaced region indicates a stronger signal and becomes much clearer for the annealed samples. For the 0.1 and 1 mol % Eu(III)-doped samples, one densely spaced region emerged. For the 10 mol % Eu(III)-doped sample, three densely spaced regions newly appeared after thermal annealing at 600 and 800°C. Figure 4 displays emission spectra of as-prepared and annealed (400, 600 and 800°C) Eu(III)-doped CeO2 nanorod powder samples prepared using various doping concentrations (0, 0.1, 1 and 10 mol %) at an excitation wavelength of λ ex = 395 nm. The wavelength of 395 nm corresponds to the direct
F 0 of Eu(III), which is the most commonly used for direct f-f excitation of Eu(III). For the emission spectra recorded from 450 to 740 nm, a broad peak was commonly found at 470 nm. This has commonly been attributed to oxygen defects, which are often present in oxide materials. This peak actually consists of several peaks (452, 469, 483 and 495 nm), possibly due to oxygen defect sites with various charge states. [29] [30] [31] At low doping concentrations (0 and 0.1 mol %), the broad peak showed a slight change with annealing temperature. However, the band was significantly altered at high (1 and 10 mol %) doping concentrations. The large variation with annealing temperature was likely due to charge unbalance and size mismatch between host Ce 4+ and guest Eu(III). 6 For the 10 mol % Eu(III)-doped sample, the intensity became much weaker upon annealing at 400 or 800°C. The band showed a large decrease in intensity upon annealing at 400°C, while the intensity increased upon further annealing at 600 and 800°C
. The 400°C-annealed samples commonly showed the weakest intensity.
Sharp emission peaks were found between 560 and 750 nm (Figure 4 ), and these changed remarkably with doping concentration and annealing temperature. The emission peaks in this region were associated with
For the as-prepared samples, no significant emission peaks were found in this region, while the
F J (J = 0 -4) transition peaks were found to be very weak for the 10 mol % Eu(III)-doped sample. Upon annealing at 400°C, no significant increase in peak intensity was observed between 560 and 750 nm, while the broad band showed a significant change. Strong
F J (J = 0-4) emission peaks were reported for Eu(III)-doped CeO 2 nanoparticles prepared by a hydrothermal method, 29 which is inconsistent with the results of the present study. These findings indicate that luminescence efficiency is strongly dependent on preparation method. Upon annealing of the Eu(III)-doped samples at 600°C, sharp emission peaks clearly and newly appeared, while undoped CeO 2 showed no new peaks. The intensities increased linearly with increasing doping concentration. As shown in the inset photo, the 10 mol % Eu(III)-doped powder sample appeared pale red upon annealing at 800°C (Figure 4 ). When annealing was conducted at 800°C, the sharp emission peaks was enhanced significantly. For the 10 mol % Eu(III)-doped sample, the following
F J (J = 0-4) emission peaks were dominant: F 1 transition is magnetic dipole allowed and insensitive to the environment. Since the electric dipole transition is forbidden when Eu(III) is doped at a site with an inversion center, we concluded that Eu(III) became doped at less symmetric sites as the doping concentration increased. 6, 7 This phenomenon is discussed in detail below.
We selected two different emission peaks of 590 (magnetic dipole and took excitation spectra of Eu(III)-doped samples annealed at different temperatures. Figure 5 displays the excitation spectra of as-prepared and annealed (400, 600 and 800°C) Eu(III)-doped CeO 2 nanorods prepared with various doping concentrations (0.1, 1 and 10 mol %) taken at fixed emission wavelengths of 590 and 611 nm. For the as-prepared and 400°C-annealed samples, the bands below 400 nm were extremely weak. For the 0.1 and 1 mol % Eu(III)-doped samples, the intensity of the bands increased slightly upon 400°C annealing. A weak peak was also observed at 465 nm for the 10 mol % Eu(III)-doped samples, which was attributed to the direct
F 0 transition peak at 395 nm was not distinguished from the strong band at below 400 nm. Upon annealing at 600°C, the broad band increased greatly, and two broad peaks were commonly found at around 300 and 350 nm. The peak at 465 nm became stronger for the 10 mol % Eu(III)-doped sample, and was dominant after annealing at 800°C. Upon annealing at 800°C, the intensities of the two bands became much more stronger for the 0.1 and 10 mol % Eu(III)-doped samples at λ em = 590 and 611 nm. The increase in intensity upon annealing was due to the decrease in quenching sites and increase in crystallinity.
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The peak positions of the bands showed no significant change with annealing temperature. Interestingly, for the 1 mol % Eu(III)-doped sample, the bands became slightly weaker at λ em = 590 nm, while they became somewhat stronger after 800°C annealing. Moreover, the band at 300 nm showed no change in position, while the other band was red-shifted by 20 nm from 330 nm to 350 nm. The bands at λ em = 590 nm were stronger than those at λ em = 611 nm for the 0.1 and 1 mol % Eu(III)-doped samples. However, for the highly doped (10 mol %) sample, the bands at λ em = 611 nm were stronger than those at λ em = 590 nm. The peak (direct 5 D 2 ← 7 F 0 transition) at 465 nm was dominant in the 800°C-annealed 10 mol % Eu(III)-doped sample. The broad band below 400 nm has been attributed to a charge transfer from O 2− to Ce(IV). 6, 7, 16 The bands at 300 and 340 nm were attributed to surface and bulk sites of CeO 2 , respectively. 6 Tiseanu et al. prepared Eu(III)-impregnated CeO 2 nanocrystals and found no charge transfer band; however, they observed a strong asymmetric band at 340 nm upon annealing to 500°C, 6 with no peak around 300 nm. In their study, the band was found to be red-shifted from 340 nm to 370 nm after thermal annealing to 1000°C, which is consistent with the present study. They attributed the shift to an energy gap dependent on annealing temperature (or crystallinity). Since the Eu-O charge transfer band is also located at around 300 nm, 4 efficient energy transfer from host Ce(IV) to guest Eu(III) will be expected. For Eu(III)-CeO 2 nanoparticles prepared by a hydrothermal method, Sohn observed a predominant charge transfer band at 350 nm, with a weak shoulder peak at 300 nm. 29 Li et al. investigated charge transfer bands of bulk and nano materials and found that nano-materials showed dominant peaks at shorter wavelengths. 4 However, they found that the band at 300 nm showed no significant change with alkali metals. In the present study, the charge transfer band (at 300 nm) of the surface site of the nanorods showed a comparable intensity to that (at 350 nm) of the bulk site.
To examine the photoluminescence profile under an excitation wavelength (referred to as indirect excitation) of the charge transfer band, we recorded emission spectra of asprepared and annealed (400, 600 and 800°C) Eu(III)-doped CeO 2 nanorods generated using various doping concentrations (0, 0.1, 1 and 10 mol %) at excitation wavelengths of 300 ( Supporting Information, Fig. S2 ) and 350 nm ( Figure  6 ). The photoluminescence profiles at λ ex = 300 nm were very similar those at λ ex = 350 nm, which could have been due to a similar origin of the charge transfer bands at 300 and 350 nm. As a result, similar photoluminescence profiles were sensitized by the charge transfer absorption. Because of this similarity, we only included the discussion of the photoluminescence profiles at λ ex = 350 nm in Figure 6 .
At an excitation wavelength of 350 nm, the as-prepared sample showed a broad peak at 470 nm, which was attributed to oxygen defects created in the oxide support. Upon annealing at 400°C, several peaks newly appeared between 580 and 750 nm. The emission was attributed to , 1, 2, 3, and 4) transitions. The 1 mol % Eu(III)-doped sample showed the highest peak intensity at 590 nm, which was comparable to that of the broad band. The dominant peak at 590 nm was attributed to the magnetic dipole allowed
F 1 transition, which is insensitive to the local chemical environment. 6, 7 For the 10 mol % Eu(III)-doped sample, the peak at 590 nm decreased dramatically by 80%. The intensity ratios of (
F 2 ) were found to be 4.15 and 1.0 for the 400°C-annealed 1 and 10 mol % Eu(III)-doped samples, respectively. Upon annealing at 600°C, the peaks at 590 nm were increased by 15× and 11× for the 1 and 10 mol % Eu(III)-doped samples, respectively. The intensity of the (
F 2 ) ratio increased from 4.15 to 5.34 for the 600°C-annealed 1 mol % Eu(III)-doped sample, while it remained constant at 1.0 for the 10 mol % Eu(III)-doped sample. For the 0.1 mol % Eu(III)-doped sample, the peak at 590 nm also clearly appeared, and was stronger than the peak at 611nm, with a (
F 2 ) ratio of 5.46. Upon annealing at 800°C, the photoluminescence profiles changed more dramatically. For the 800°C-annealed 0.1 mol % Eu(III)-doped sample, the peak (
F 1 ) at 590 nm increased by 4.8×. For the 10 mol % Eu(III)-doped sample, the peaks at 590 and 611 nm increased by 3.2× and 3.7×, respectively. However, for the 1 mol % Eu(III)-doped sample, the peak at 590 nm decreased by 24%, while the peak at 611 nm increased somewhat by 1.2. The intensity ratios of (
F 2 ) were observed to be 5.9, 3.5 and 0.85 for the 800°C-annealed 0.1, 1 and 10 mol % Eu(III)-doped samples, respectively.
As discussed above, the intensity ratio of (
F 2 ) 611nm was larger at a lower doping concentration. In other words, the peak at 590 nm was stronger than the peak at 611 nm. When Eu(III) is doped at an octahedral site in the CeO 2 host, the localized symmetry of Eu(III) may or may not have an inversion center depending on the adjacent ions. The
F 2 transition is electric dipole allowed, but forbidden when the Eu(III) activator has the local site sym- metry with an inversion center. When the activator has lower site symmetry without an inversion center, the transition is allowed to show a luminescence peak. The magnetic dipole
F 1 transition is insensitive to local site symmetry. It is assumed that, at low doping concentrations, Eu(III) is doped at a higher symmetry site with an inversion center. As the doping concentration increases, Eu(III) with a lower site symmetry will be increased. 7, 24, 29 As a result, the probability of a
F 2 transition is increased to show a stronger luminescence peak, as occurred in the present study. Based on these results, it was also concluded that the energy transfer occurs more efficiently from the CeO 2 host to Eu(III) guests with high symmetry than to Eu(III) guests with low symmetry. This is not surprising because a good wave function mixing state transfers energy more efficiently. The corresponding Commission Internationale Del'Eclairage (CIE) color coordinates are displayed in Figure 6 . For the undoped CeO 2 , the CIE coordinate was in the blue region and showed no critical change with annealing temperature. However, the CIE coordinates for the 0.1 and 10 mol % Eu(III)-doped samples were shifted to the reddish region. Under 350 nm excitation, the 10 mol % Eu(III)-doped sample prepared by 800°C annealing showed the highest red quality. This was attributed to an increase in
emission by increasing crystallinity. For the 600°C-annealed 1 mol % Eu(III)-doped sample, the CIE coordinate was observed in the red region. However, the coordinate was shifted to the pale red region upon annealing at 800°C.
We further examined the photoluminescence profiles under a direct excitation wavelength. Since the direct Figure 7 shows the emission (λ ex = 465 nm) spectra of asprepared and annealed (400, 600 and 800°C) Eu(III)-doped CeO 2 nanorods with doping concentrations of 1 and 10 mol %, as well as the corresponding CIE xyz color coordinates with annealing temperatures. For the 0.1 mol % Eu(III)-doped sample, the
F J (J = 0-4) emission peaks were extremely weak; therefore, we did not discuss them here. For the 1 mol % Eu(III)-doped sample, the photoluminescence intensity was much weaker under a direct excitation wavelength of 465 nm than under indirect excitation wavelengths of 300 and 350 nm. However, for the 10 mol % Eu(III)-doped sample, the photoluminescence under direct excitation showed comparable intensity to that under indirect excitation. The intensity of the 10 mol % Eu(III)-doped sample was about 10× stronger than that of the 1 mol % Eu(III)-doped sample, and the intensity ratio was close to the doping-concentration ratio (10 mol %/1 mol %). The CIE xyz color coordinates of the as-prepared, 400 and 600°C-annealed 1 mol % Eu(III)-doped samples were similarly positioned in the blue region. After annealing at 800°C, the coordinates shifted to the red side due to the relative increase F J emission peaks were linearly increased with increasing temperature, which caused the CIE coordinates to shift to a deeper red region.
Conclusion
We successfully prepared CeO 2 nanorods and doped Eu(III) into their cubic crystal structure by a facial coprecipitation method conducted at room temperature. We fully examined the photoluminescence profiles of Eu(III)-doped CeO 2 nanorods generated using various doping concentrations and thermal annealing temperatures. At a low Eu(III)-doping concentration, photoluminescence was primarily sensitized by indirect charge transfer (O 2− to Ce 4+ of CeO 2 ) excitations at 300 and 350 nm. Two charge transfer bands at 300 and 350 nm were attributed to CeO 2 at surface and bulk sites, respectively. The energy transfer from the CeO 2 host to the Eu(III) guest with high symmetry was more efficient than that with low symmetry. At a high Eu(III)-doping concentration, photoluminescence occurred via direct excitation of Eu(III). The direct excitation at 465 nm ( F 2 emission transition at 611 nm showed a comparable intensity. These findings confirm that, at low doping concentration, Eu(III) is more likely positioned at the octahedral site with an inversion center. At high doping concentration, Eu(III) is also positioned at less symmetric sites without an inversion center. Overall, this is the first study to fully examine the photoluminescence profiles of CeO 2 nanorods doped with Eu(III) using various doping concentrations and annealing temperatures. In addition, the 2D and 3D-photoluminescece profile mapping was useful for deeper investigation of the energy transfer and photoluminescence mechanism.
